In hepatocytes, NADPH-ferrihemoproteh reductase (reductase) has been hypothesized to exist as aggregates or micelles in endoplasmic reticulum (ER) membrane. However, if the number of reductase molecules per unit area of ER is low, this hypothesis cannot explain how a few reductase molecules efficiently reduce many P450 molecules. To test this hypothesis, we estimated the numbers of reductase and F450 molecules per unit ER area (reductase and P450 densities) by miaophotomeay of the two enzymes in conjunction with morphometry of ER in periportal, midzonal, and perivenular rat hepatocytes. The reductase density in periportal, midzonal, and perivenular hepatocytes (107-179 molecules/
Introduction
NADPH-ferrihemoprotein reductase (reductase) and cytochrome P-450 (P-450) are key enzymes of the microsomal mono-oxygenase system, which metabolizes drugs, carcinogens, steroids, and environmental pollutants. The activity of reductase is a rate-limiting factor for many cytochrome P-450-dependent mono-oxygenations (34) . Although the ratio of P-450 to reductase required for optimal mono-oxygenase activity is 1:1 (4,15), P-450 and reductase molecules are not present in an equimolar ratio in microsomal membranes (23, 30) . Therefore, the molecular arrangement and interaction between reductase and P-450 in endoplasmic reticulum (ER) membrane has long been a point of interest (25) . Recent studies suggest that P-450 molecules exist as aggregates in ER membrane (21, 23) . Furthermore, Rietjens et al. (21) suggest that the reductase molecules exist as multimers and that the reductase and P-450 molecules form large micelles. When the reductase and/or P-450 molecules form aggregates or micelles, the speed of lateral diffusion of these aggregated molecules in ER membrane is very low (38) , because the speed depends on the cube root of the molecular weight of aggregated molecules (2). Therefore, if the number of reductase molecules per unit area of ER (reductase density in ER Correspondence ta Dr. Shinsuke Kanamura, Dept. of Anatomy, Kansai Medical University, Fumizono-cho 1, Moriguchi, Osaka 170, Japan. pm2 of ER) was high enough to efficiently reduce all P450 molecules in the ER, although the value in perivenular hepatocytes was lowest owing to the relatively greater amount of ER in this region. The pattern of sublobular gradient in the reductase density was similar to that in the P450 density. Consequently, the molar ratio of P450 to reductase in ER was similar (about el) Liver; Rat. membrane) is low, the aggregate or micelle model cannot explain how a few reductase molecules efficiently reduce many P-450 molecules (38) . The reductase density in ER membrane, however, cannot be actually estimated by biochemical methods. It is therefore difficult to verdy by biochemical data whether the aggregate or micelle model is plausible.
Recently we developed a method for measuring the content of reductase in sections of rat liver by a combination of immunohistochemistry with microphotometry and a nitrocellulose binding assay (31) . In the present study, the reductase density in ER membrane was estimated by microphotometry of reductase in conjunction with morphometry of ER in rat hepatocytes of each sublobular zone. In addition, the number of P-450 molecules per unit area of ER (P-450 density in ER membrane) was also estimated by microphotometry of P-450, which was recently established by us (9, 30, 32, 33) , in conjunction with morphometry of ER. The reductase density in ER membrane was correlated with the P-450 density in ER membrane, and the validity of the aggregate or micelle model, which has been proposed on the basis of accumulated biochemical data, was examined using the resulting histochemical and morphological data.
Materials and Methods
Thirty-seven male Sprague-Dawley rats (specific pathogen free, obtained from Japan Laboratory Animal, Tokyo, Japan), about 3 months old, were used. The animals were kept in plastic cages (two or three animaldcage) at 25 1°C under a 12:lz-h~ light (0800-2000)/dark (2000-0800) cycle and were fed laboratory chow and water ad libitum. The animals were sacrificed between 0930 and 1030 hr.
Microphotometry of NADPH-Ferrihemoprotein Reductase. The content of reductase in liver sections was measured according to the method developed by us (31) . Under sodium pentobarbital anesthesia, livers of five animals were briefly perfused via the portal vein with saline, and then perfused with buffered 4% paraformaldehyde for 3 min. Two slices cut from the left lobe of liver were dehydrated, embedded in paraffin, and sectioned serially at 5 pm. The sections were placed on glass slides, dewaxed, and rehydrated. After blocking endogenous peroxidase activity, a pair of the serial sections cut from each slice were immersed in normal goat serum at room temperature for 30 min. Then one section was incubated in PBS containing anti-rat reductase-rabbit IgG (0.5 mglml; a kind gift from Dr. Y.
Tishiro, Department of Physiology, Kansai Medical University), while the other was incubated in diluted normal rabbit serum at 4'C for 12 hr. After washing with PBS, the sections were incubated in PBS containing 1 mglml peroxidase-labeled anti-rabbit IgG-goat IgG (Cappel; West Chester, PA) at 20'C for 30 min, washed with PBS, and stained with diaminobenzidine solution (5) at 20°C for 20 min. Then the sections were mounted in glycerol and set in a microphotometer (KWSP-1) (33) .
Five hepatocytes in a layer adjoining the portal area or central venule (1 periportal or 1 perivenular cell), five hepatocytes within the second or third layer from the portal area or central venule (2 periportal, 3 periportal, 2 perivenular, or 3 perivenular cells), five hepatocytes located on the midlines between the portal area and the central venule (2 midzonal cells), five hepatocytes adjacent to the central venule side of 2 midzonal cells (1 midzonal cells), and five hepatocytes adjoining the portal area side of 2 midzonal cells (3 midzonal cells) were selected randomly per slice. Then four portions in the cytoplasm were analyzed per one cell at 466 nm with a spot size of 2 pm. The specific absorbance of the reductase was calculated by subtracting the absorbance of the section incubated with normal rabbit serum from that of the section incubated with the anti-reductase antibody. Then the specific absorbance was converted into the reductase amount per unit cytoplasmic volume (mol per pm3 of hepatocyte cytoplasm; reductase content) using an apparent extinction coefficient (2.3 x 10' liter mol-'
. cm-') obtained from the nitrocellulose binding assay (31) . Thus, the number of observations per experiment was 1800 (four spots per cell, 45 cells per slice, two slices per liver, and five animals per experiment).
Microphotometry of Cytochrome P450. The content of P-450 in liver sections was measured as described previously (32) . In short, livers of five animals were perfused with saline for 2 min via the portal vein under anesthesia. Two slices (about 5 x 4 x 3 mm) cut from the left lobe of each liver were immediately frozen. Four serial sections 20 pm thick, cut from each slice and attached to coverslips, were separately incubated for 1 min at room temperature in medium (50 mM Tris-HCI buffer containing 10% sucrose, pH 8.0) alone, in medium saturated with CO, in medium containing sodium dithionite ( 5 mglml), and in medium saturated with CO and containing sodium dithionite. The section incubated in medium containing sodium dithionite and that incubated in medium saturated with CO and containing sodium dithionite were prepared for obtaining apparent extinction of P-450 without baseline correction. The section incubated in medium alone and that incubated in medium saturated with CO were used for baseline correction. Then the section on the coverslip was taken onto a glass slide, mounted with the same buffer, and set in the microphotometer.
Nine periportal, perivenular, or midzonal hepatocytes (three cells per cell layer), defined as described above, were selected randomly from one series of the serial sections. Absorbances at 450 nm and 490 nm were measured from four spots in the cytoplasm of the selected hepatocytes in the four sections with a spot size of 5 pm, and the extinction due to P-450 was calculated from the absorbances. Then the amount of P-450 per unit cytoplasmic volume (mol per pm3 of hepatocyte cytoplasm; P-450 content) was calculated. Thus, the number of observations per experiment was 1080 (four spots per cell, 27 cells per slice, two slices per liver, and five animals per experiment).
Morphometry. Morphometry was carried out according to methods described by Weibel et al. (36) and Weibel(35) . Livers of five animals anesthesized with sodium pentobarbital were briefly perfused via the portal vein with saline and then with 2 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 10 min. Small blocks cut from the left lobe of liver were immersed in the same fixative at 4'C for 1 hr, rinsed in 0.1 M phosphate buffer containing 8% sucrose (pH 7.4) at 4°C for 30 min, and post-fixed at 4'C for 2 hr in buffered 2 % osmium tetroxide containing 4% sucrose. The blocks were dehydrated in ethanol and embedded in Spurr medium. Three blocks, containing both the portal area and central venule, were selected randomly from each animal.
A thin section of silver interference color was cut from each block on an LKB Ultrotome, stained with uranyl acetate and lead citrate, and examined in a JEOL 100-S electron microscope. Five randomly chosen electron micrographs of portions of the cytoplasm, located in corners of the hexagonal supporting copper grid (200 mesh) and occupying 50% or more of area of the micrographs, were taken from each thin section at an original magnification of x 10.000. Thus, 675 photographs, enlarged to a final magnification of x 130,000, which contained portions of the cytoplasm of 1, 2, or 3 periportal cells, 1, 2, or 3 midzonal cells, or 1, 2, or 3 perivenular cells were prepared (one photograph per cell, 15 cells per cell layer, nine cell layers per animal, and five animals per experiment). The area of (smooth and rough) ER per unit cytoplasmic volume was estimated using a square lattice test system (20 x 20 cm) containing 400 test points spaced at 1 cm on each photograph. Values were expressed as pmZ per pm3 of cytoplasm.
NADPH-Ferrihemoprotein Reductase and Cytochrome P450 Molecule
Number per Unit ER Area (Reductase and F450 Densities). Reductase is localized in the rough ER, smooth ER, the outer nuclear membrane, and in autolysosomes, and P-450 is present in the rough ER, smooth ER, outer nuclear membrane, and mitochondria in hepatocytes (22.37) . However, we found that the average mononuclear hepatocyte included about 200 pm2 of the outer nuclear membrane, whereas the surface area of ER in the hepatocyte was about 46,000-60.000 pm2 (our unpublished results). Therefore, the area of outer nuclear membrane per hepatocyte is less than 1% of the ER area (9). Matsuura et al. (14) demonstrated that the amount of phenobarbital-inducible P-450 in the outer nuclear membrane is similar to that of the ER. The ratio of reductase activity to P-450 content in nuclear fractions prepared from livers of rats was similar to that in microsomes (our unpublished data). Sat0 et al. (22) found only 2 pmol of P-450 in 1 mg of hepatic mitochondrial protein, although 1 mg of microsomal protein contained 13M)-1500 pmol of P-450 (9,32). Sat0 et al. (22) also found negligible reductase activity in hepatic mitochondrial fraction. Furthermore, Marti et al. (13) and Yamarnoto et al. (37) showed that the amounts of reductase and several phenobarbital-inducible P-450 isoforms in the Golgi apparatus and autolysosome are negligible in hepatocytes. Moreover, Oesch et al. (17) found that more than 95% ofbenzo(a)pyrene-metabolizing activity is found in hepatic microsomes. The content of reductase or P-450 in hepatic cytosolic fractions was less than 1 pmollmg protein (our unpublished results). On the basis of these findings, the non-ER content of these enzymes, roughly estimated, is less than 7%. Therefore, the amount of reductase or P-450 per unit cytoplasmic volume estimated by the present microphotometric method was considered to represent reductase or P-450 in the ER.
In the present study, reductase and P-450 were assumed to be evenly distributed in both rough and smooth ER. To determine whether this assumption is true in the present study, we measured the contents of these enzymes and phospholipids in rough and smooth microsomal subfractions as described below.
Reductase or P-450 amount per unit area of ER (mol per pm2 of ER) was calculated by dividing reductase or P-450 amount per unit cytoplasmic volume per animal by area of ER per unit cytoplasmic volume (average for all animals). The number of reductase or P-450 molecules per pm2 of ER was obtained by multiplying the reductase or P-450 amount per unit area of ER by Avogadro's number. However, wc assumed that the area of ER in hepatocytes from fixed and embedded liver does not significantly differ from that in hepatocytes from unfixed liver. To examine whether this assumption is appropriate, we measured changes in tissue volume during tissue preparation for light and elearon miuoscopy. For measuring the changes during perfusion fiition, tissue blocks (2 g) from fresh livers or perfusionfixed livers were subjected to submersion analysis according to the method of Scherle (24) . For measuring the changes after perfusion fixation, blocks
(10 x 10 x 4 mm) cut from perfusion-fixed livers were processed for light or electron microscopy as described above, and the changes in the block volume were calculated from the changes in the length of block perimeter measured in a light microscope with a calibrated ocular micrometer or a video-image processor (Argus-10 Hamamatsu Photonics, Hamamatsu, Japan).
Biochemical Methods. Under anesthesia, livers of seven animals were perfused with saline via the portal vein for 3 min and were then homogenized separately with 9 volumes of 1 mM Tris-HC1 buffer (pH 7.4) containing 0.25 M suc~ose. Four ml ofthe homogenate were taken for the assay ofreductase and P-450 content in the homogenate. Then, the microsomal fraction was prepared from the remaining homogenate by differential centrifugation ( from the microsomes by sucrose-gradient ultracentrifugation according to the method of Omura and Kuriyama (18) .
The content of reductase in the homogenate and in microsomes was determined by enzyme-linked immunosorbent assay (31). The reductase activity in microsomes was measured by the method of Omura and likesue (19) . P-450 content in the homogenate and in microsomes was measured by difference spectrophotometry in a spectrophotometer (Hitachi U-3200; Tokyo, Japan) as described previously (32) . Protein content in the microsomes or in rough and smooth microsomal subfractions was measured by the method of h r y et al. Statistical Analysis. For examining multiple independent data, Bartlett's test was used for comparison of variances between values before the significance test. When the difference of variances was insignificant, data were then subjected to one-way analysis of variance followed by Duncan's multiple-range test. If the difference was significant, data were subjected to Kruskal-Walli's H-test followed by Mann-Whitney's U-test. For analyzing matched-pair data, data were subjected to the Ftest followed by paired Student's t-test. All statistical comparisons were made above the 95% level of confidence.
Results

Reductase Amount per Unit Cytoplasmic Volume (Reductase Content)
No intrazonal differences in the values (mol reductase/p3 cytoplasm) were found, except that the value was greater in 3 cells than in 1 cells in periportal cells (Figure 1 ). The values in 1, 2, and 3 midzonal and in 1, 2, and 3 perivenular cells were greater than those in 1, 2, and 3 periportal cells. No intrazonal differences in the values (mol P-450/m3 cytoplasm) were observed ( Figure 2) . The values in 1, 2, and 3 midzonal cells and in 1, 2, and 3 perivenular cells were greater than those in 1, 2, and 3 periportal cells.
ER Area per Unit Cytoplasmic Volume
No intrazonal differences in the values ( pm2 ER/@ cytoplasm) were found (Figure 3) . The values in 1, 2, and 3 cells were greater in midzonal cells than in periportal cells and were greater in perivenular cells than in midzonal cells.
Reductase Molecule Number per Unit ER Area (Reductase Density)
The values (reductase molecule number/ pn2 ER) were greater in 3 cells than in 1 cells in periportal and perivenular cells, but there were no differences in the values between 1 and 2 cells, and between 2 and 3 cells in periportal and perivenular cells (Figure 4) . No intrazonal differences were seen in midzonal cells. The values were greater in 1 and 2 midzonal cells than in 1 and 2 periportal cells. The values in 1, 2, and 3 cells were smaller in perivenular cells than in 1, 2, and 3 midtonal and in 1.2, and 3 periportal cells.
P-4.50 Molecule Number per Unit ER Area (P-4-50 Density)
No intrazonal differences in the values (P-450 molecule number/pn2 ER) were found, except that the value was greater in 3 cells than in 1 cells in perivenular cells ( Figure 5) . 1, 2, and 3 cells were smaller in perivenular cells than in 1, 2, and 3 midzonal cells. The values in 1 and 3 cells were smaller in perivenular cells than in 1 and 3 periportal cells, whereas the value in 2 perivenular cells did not differ from that in 2 periportal cells.
Molar Ratio of P4SO to Reductase
Our results are shown in Table 1 . The values derived from the pres- 
Changes in Tissue Volume
The submersion analysis showed that the volume of tissues from fresh liver (0.94 k 0.020 cm3/g liver; mean k SE for six experiments) was similar to that from perfusion-fixed liver (0.93 f 0.029 cm3/g liver). When perfusion-frxed liver tissues were processed for electron microscopy, the tissue volume remained unchanged during post-fixation, dehydration, and embedding (Eble 2). When perfusion-fixed liver tissues were embedded in paraffin, the tissues shrank during dehydration and embedding (Eble 2). However, the tissue swelled after sectioning. The shrinkage of the tissues during specimen preparation for light microscopy was calculated to be only 15 96.
Biochemical Resuh
The biochemical results are summarized in Tibles 3 and 4. Table 3 . 
Contents of cytochrome P-4SO and NADPH-femhmoprotein reductase in homogenates and microsomes, and the reductase activity in microsomes fiom livers of rats"
Homogenates
Discussion
A layer of hepatocytes adjacent to the central venule has been shown to have ultrastructure and functions different from those of other perivenular hepatocytes (7.10). In addition, our recent study showed that 2 and 3 periportal hepatocytes respond actively to phenobarbital administration, whereas 1 periportal hepatocytes do not (30). Therefore, 1 perivenular and 1 periportal hepatocytes are probably exceptional hepatocytes. For this reason, separate measurements were done on each cell layer of the liver lobule in the present study. However, there were no differences in the values between 1 and 2,2 and 3, or 1 and 3 hepatocytes, except that the amount of reductase per unit cytoplasmic volume (reductase content) in periportal hepatocytes, the number of reductase molecules per unit ER area (reductase density) in periportal and perivenular hepatocytes, and the amount of P-450 per unit cytoplasmic volume (P-450 density) in perivenular hepatocytes were greater in 3 hepatocytes than in 1 hepatocytes. In the present results, the reductase content was greater in perivenular or midzonal hepatocytes than in periportal hepatocytes. These results are consistent with those of previous semiquantitative immunohistochemical studies (26, 27) . However, when the number of reductase molecules was expressed per unit ER area, the value in perivenular hepatocytes was smaller than that in periportal or midzonal hepatocytes, because the area of ER per unit cytoplasmic volume was greatest in perivenular hepatocytes. Table 2 Peterson et al. (20) found a biphasic reduction of P-450 in liver microsomes and proposed a cluster model. Although the cluster model as originally presented does not explain the biphasic reduction kinetics (I), recent studies suggest that P-450 or the reductase molecules exist as aggregates or micelles in ER membrane (21, 23) . Therefore, the model suggesting that single P-450 molecules and single reductase molecules are scattered in the ER membrane (38) would not be acceptable. Recently, Nelson and Strobel (16) and Vergeres et al. (29) have suggested that the interaction between functional domains of P-450 and reductase occurs in the cytoplasm rather than in the ER membrane, which provides an anchorage for the tails of the respective proteins. However, the assembly of these two enzymes is necessary to exhibit the reduction of P-450, and the lateral diffusion of P-450 or reductase molecules in the ER membrane is an important factor affecting the interaction between the two enzymes (1). However, when P-450 or reductase molecules form aggregates or micelles, the speed of lateral diffusion of the aggregates or micelles in the ER membrane is very low, because the speed depends on the cube root of the molecular weight of aggregates or micelles (2). This is a serious drawback of the aggregate or micelle model.
. Changes in volume of liver tissues f i m rats during tissue preparation for electron microscopy and immunohistochemistry"
There are two possibilities for explaining how the aggregated P-450 or reductase molecules rapidly interact. One is that the tails (anchoring domains) of these enzymes do not penetrate through the ER membrane. If the tails are embedded in the outer leaflet alone, the speed of lateral diffusion would be rapid even if the molecules form aggregates or micelles (11). However, hydropathic analysis has shown that the anchoring domains of both enzymes penetrate completely through the ER membrane (16, 29) . The other possibility is that the densities of reductase and P-450 are high in the ER membrane. In this case, although the lateral diffusion speed of the aggregate or micelles is slow, the assembly of reductase and P-450 occurs rapidly. In the present results, the reductase densities in hepatocytes of the three sublobular zones were 107-179 molecules per unit area (1 pm2) of ER. The diffusion constant of the aggregate or micelle is calculated to be 0.05-0.09 pm2 . sec-'. Therefore, even if P-450 and reductase form aggregates or micelles, all P-450 molecules in ER membrane can be reduced by reductase within 0.3 sec in all hepatocytes. The present results thus suggest the validity of the aggregate or micelle model. This indicates that the reductase densities in all hepatocytes are high enough to reduce many P-450 molecules and strongly suggests that the drugmetabolizing capacity of hepatocytes does not depend directly on the density of reductase in the ER membrane.
In the present results, the P-450 content was greater in perivenular or midzonal hepatocytes than in periportal hepatocytes, whereas the P-450 density was smaller in perivenular hepatocytes than in periportal or midzonal hepatocytes. Therefore, the patterns of sublobular gradients found in the reductase content or reductase density were similar to the patterns observed in the P-450 content or P-450 density. Consequently, the molar ratios of P-450 to reductase in ER membrane, which were calculated by dividing the P-450 densities by the reductase densities, were similar in all hepatocytes regardless of their position within the liver lobule. The molar ratios were generally consistent with molar ratios measured by the present biochemical methods. Peterson et al. (20) suggested that the molar ratio of P-450 to reductase was 20:l in liver microsomes from rats injected with phenobarbital. Shephard et al. (25) measured the reductase content in liver microsomes by radioimmunoassay and showed the ratio to be 15:l for control and phenobarbital-treated rats and 21:1 for p-naphthoflavone-treated rats. However, Peterson et al. (20) did not actually measure the reductase amount in liver microsomes; the ratio of 2O:l was a presumed value. Although Shephard et al.
(2 5) measured the reductase content in solubilized hepatic microsomes, they assayed the microsomal protein content by the Lowry method. This method originally reported yields underestimated results when samples contain detergents (3,8). In their radioimmunoassay system, furthermore, only 54% of the radiolabeled reductase was precipitable by the antibody because of radiation damage (25) . Moreover, Shephard et al. (25) used anti-reductase antibody from both phenobarbital-and P-naphthoflavone-treated rats, whereas we used an antibody from phenobarbital-treated rats alone. These are possible reasons for the contradiction in molar ratio between the present results and those of Peterson et al. (20) and Shephard et al. (25) .
To examine the reductase and P-450 densities, we made the following simplified assumptions in the present study: (a) reductase and P-450 molecules are preferentially localized in the ER; (b) these molecules are evenly distributed in both rough and smooth ER; and (c) the volume of paraffinor resin-embedded liver does not differ from that of unfixed liver, and the ER area in resin-embedded hepatocytes does not significantly differ from that in hepatocytes from unfixed liver. As mentioned in Materials and Methods, the non-ER content of reductase or P-450 is considered to be very low. In the present results, the amount of reductase or P-450 per unit amount of microsomal phospholipids in the rough microsomes was similar to the value in smooth microsomes. Changes in the liver volume during tissue preparation for electron microscopy were negligible. The volume decreased to only 85 96 during the tissue preparation for light microscopic immunohistochemistry. GrXiths et al. (6) showed that the volume densities of the Golgi stack and the tram-Golgi network obtained from cryosections were identical to those obtained from plastic sections. These fiidings indicate that all the assumptions in the present study are appropriate.
